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Constitutive Expression of Steel Factor Gene by Human Stromal Cells
By Michael C. Heinrich, Douglas C. Dooley, Alison C. Freed, Louise Band, Maureen E. Hoatlin, Winifred W. Keeble, Sandra T. Peters, Kirsten V. Silvey, Frederick S. Ey, David Kabat, Richard T. Maziarz, and Grover C. Bagby, Jr
Steel factor (SF), the ligand for c-kit, is an essential regulator of normal hematopoiesis, melanogenesis, gametogenesis, and mast-cell growth and development. Hematopoietic stromal cells are important sources of SF, because inactivation of SF in mice results in defects in the support function of hematopoietic stromal cells. To identify specific cells that produce, and factors that govern the expression of the different isoforms of SF in human hematopoiesis, we quantified levels of SF mRNA and membrane-bound protein in human stromal cells before and after exposure to recombinant human interleukin (IL)-1 a, a cytokine known to induce the expression of a variety of hematopoietic growth factors. In addition, because stromal cells in longterm bone marrow cultures (LTBMC) are supportive of hematopoietic progenitor cell survival in vitro, while umbilical vein endothelial cells (EC) and diploid fibroblasts (DF) are not, w e also sought to test the hypothesis that SF gene expression would differ in cells from LTBMC when com-TEEL FACTOR (SF), a recently described hematopoi-S etic growth factor (also known as kit ligand, mast-cell growth factor, and stem-cell factor), is the ligand for the c-kit gene product, an integral membrane protein with a cytoplasmic tyrosine kinase domain.' SF enhances the in vitro response to growth factors in a wide variety of tissues. For example, exposure of either unfractionated bone marrow mononuclear cells or highly purified CD34+ bone marrow cells to SF, interleukin (IL)-3), and erythropoietin results in a synergistic increase in clonal growth of colonyforming unit-granulocyte-macrophage (CFU-GM) and burst-forming unit-erythroid (BFU-E).2p3 SF also induces proliferation and differentiation of megakaryocyte precursors, and stimulates cytokine production by primary megakaryocyte cultures, as well as megakaryocytic cell lines."6 In addition, SF stimulates proliferation and maturation of cultured mast and is essential for the survival of primordial germ cells in culture.'*1°
The tissue distribution of cells that express SF is as widespread as that of cells that express the c-kit protein," and includes fibroblasts," liver cells," Sertoli cells,'* bone marrow-derived stromal cells,'3 and spleen cells. '4 There is evidence that SF plays a role in development, as SF mRNA has been detected in embryonic nervous tissue, bone, lung, heart, kidney, and ~1acenta.l~ The role ofSF in melanogenesis, gametogenesis, and hematopoiesis is clearly emphasized in mice with specific mutations of either the SF or c-kit gene, as these mice exhibit white spotting, sterility, bone marrow failure, and a profound decrease in tissue mast ~e l l s . ~J~J~ The gene for human SF consists of at least eight exons." Alternative RNA splicing gives rise to two SF transcripts: one that contains sequences representing all exons (exon 6 7 and another, from which exon 6 is excluded (exon 6-).18 SF protein translated from exon 6+ transcripts exists as both membrane-bound and soluble molecules; the predominant soluble protein is produced by proteolytic cleavage of the membrane-bound precursor." SF protein translated from pared with EC or DF. Using reverse-transcription polymerase chain reaction amplification (RT-PCR), ribonuclease protection assays (RPA), and Northern blot analysis, SF was found to be constitutively transcribed in EC, DF, and LTBMC. IL-la neither induced accumulation of SF mRNA nor altered the ratio of exon 6+ to exon 6-transcripts in these stromal cells. By Northern blot analysis, the predominant SF mRNA species was shown to be 5.6 kb; a minor population of 3.6 kb was also found. Low levels of membrane-bound SF protein were found to be constitutively expressed by all three types of stromal cells, and were not regulated by IL-la. We conclude that the unique capacity of LTBMC to support in vitro hematopoiesis, when compared with EC or DF, cannot be explained on the basis of qualitative or quantitative differences in SF gene expression in these cells. exon 6-transcripts lacks the major proteolytic cleavage site; as a result it is inefficiently cleaved at an alternative site and resides almost exclusively in the cell membrane," at least in unstimulated cells." The cleavage of protein translated from either species of SF transcript can be stimulated by treatment of cells with phorbol ester or the calcium ionophore A23 187.' ' Membrane-bound SF protein may be of greater physiologic significance than the soluble form, because murine stromal cells transfected with a human exon 6-SF cDNA sequence have been shown to be more supportive of human hematopoietic progenitors in long-term bone marrow culture (LTBMC) than cells transfected with a human exon 6+ SF cDNA." Moreover, mutant mice (Sl/Sld), which produce a biologically active soluble SF protein but do not express the membrane-bound SF pr~tein,'~,'',~~ suffer from a variety of hematopoietic defects, including macrocytic anemia. In addition, these mice are sterile, have reduced numbers of skin mast cells, and lack pigment, except in the retins. 14,16,19 Membrane-bound SF protein stimulates the proliferation of c-kit receptor-bearing ~e l l s ,~~~~~~'~ and may also mediate cell-cell a d h e s i~n .~, '~,~' ,~~ For these reasons, the membrane-bound form is probably the most critical isoform in the intact animal.L43 '8-20 Although endothelial cells and fibroblasts stimulated by IL-1 can support hematopoiesis by expressing multilineage hematopoietic growth f a~t o r s ,~~, *~ uninduced endothelial cell and fibroblast monolayers are less capable of supporting hematopoietic progenitor cell growth and differentiation than stromal cells in LTBMC. 25 We therefore sought to test two hypotheses: (1) that IL-l can induce the accumulation of SF mRNA in stromal cells and thereby increase the production of SF protein by these cells; and (2) that the exon 6-SF transcript, which is translated to produce a predominately membrane-bound SF protein, is more prevalent in LTBMC than in endothelial cells or fibroblasts, resulting in increased expression of the membrane-bound SF protein isoform.
SF mRNA expression in human umbilical vein endothelial cells (EC), normal diploid fibroblast (DF), and LTBMC was determined using reverse-transcription polymerase chain reaction amplification (RT-PCR), ribonuclease protection assays (RPA), and Northern blot analysis. E-selectin mRNA was used as a positive (IL-1 -inducible) SF transcript is constitutively transcribed in EC, DF, and LTBMC, and is not inducible by IL-I a. The ratio of exon 6+ SF transcripts to exon 6-transcripts was identical in the three stromal cell types that were analyzed, and was not altered by treatment of these cells with IL-1 a. Membranebound SF was assessed using fluorescent cell staining. The leukocyte adhesion molecules ICAM-I and E-selectin were used as positive (IL-I-inducible) ~o n t r o l s .~~,~~,~~ Me mbrane-bound SF was present on all three types of stromal cells and was not increased by treatment of these cells with IL-la.
MATERIALS AND METHODS

Reagents
Recombinant human IL-la (3 X IO' U/mg) was generously provided by Dr Peter Lomedico (Hoffman-LaRoche, Nutley, NJ). ILla-treated cells were exposed to 2.5 ng/mL of IL-la for 3 to 72 hours. RR 1 / I monoclonal antibody (MoAb) was used to detect the CD54 antigen (ICAM-I"; a gift from Dr Timothy Springer, Harvard Medical School, Boston, MA). MoAb 12Gl.l was used to detect E-selectin (a gift from Dr Tom Thieme, Epitope, Beaverton, OR). Purified MoAb supernatant (anti-H-2Dk) was prepared from the 15-5-5s hybridoma cell line (ATCC HB24; ATCC, Rockville, MD) and was used as a negative control antib~dy.~' Polyclonal rabbit serum was obtained from rabbits immunized with recombinant human SF (HuMGF-P1; a gift from Dr Douglas Williams, Immunex, Seattle, WA). Affinity-purified polyclonal goat IgG specific for human SF was obtained from R & D Systems (Minneapolis, MN) . Normal rabbit serum and fluorescein isothiocyanate (F1TC)-conjugated affinity-purified polyclonal rabbit antigoat IgG antibody were purchased from Sigma (St Louis, MO). FITC-conjugated goat antimouse antibody and goat anti-rabbit antibody were purchased from AMAC (Westbrook, ME).
Plasmids pGEM-4Z E-selectin. A 1,074-bp fragment (bases 562 to 1 ,635)26 of E-selectin (formerly designated ELAM-I)" was isolated following digestion of aH3M ELAM-I with PstI restriction enzyme. This fragment was cloned into a Pstl-digested pGEM-42 plasmid (Promega, Madison, WI) following manufacturer's directions. The aH3M ELAM-I plasmid was a generous gift of Dr Michael Bevilacqua (University of California at San Diego School of Medicine, San Diego, CA).26 pSP72 GAPDH. pHcCAP was sequentially digested with PstI and XbaI restriction enzymes to release a 780-bp fragment of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was subsequently cloned into a pSP72 plasmid (Promega). pHcGAP contains the cDNA for GAPDH as described by Wu et al,32 and was obtained from ATCC (plasmid no. 57090, ATCC).
This plasmid has a 900-bp insert representing the entire human SF coding sequence (bases 160 to 1,053 using the notation system of Martin et all'). This plasmid was the generous gift of Dr Stewart Lyman (Immunex). pHuMGF 2.4. 
Cell Lines
EC, used between fourth and tenth passage, were cultured as described previo~sly.~~ IL-l stimulation experiments were performed using media that did not contain EC growth factor. Human lungderived DF (CCD-1 I Lu, ATCC no. CCL 202) were grown in Dulbecco's modified Eagle's medium (DMEM; GIBCO BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT). Neonatal foreskin fibroblasts (NFF) were isolated as described previ~usly,~~ and grown in DMEM supplemented with 10% fetal bovine serum. JY, a B-lymphoblastoid cell line, was maintained in RPMl supplemented with 10% fetal bovine serum?' Dami, a megakaryoblastic leukemia cell line, was generously provided by Dr Robert Handin (Brigham and Women's Hospital, Boston, MA) and maintained in RPMI supplemented with 10% fetal bovine serum.38 $-2 ecotropic-packaging cells39 and PA12 cells amphotrophic-packaging cellsa were grown in DMEM supplemented with 10% fetal bovine serum. The human transformed T-cell line HUT-78 (ATCCTIB 161) wasgrownin RPMI-1640 supplemented with 10% fetal bovine s e~u m .~' Bone marrow was obtained from normal donors at the time of collection for allogeneic transplantation. Following FicollHypaque (Pharmacia, Piscataway, NJ) separation, low-density cells were seeded into T-175 flasks ( I X 10' cells per flask) containing 50 mL Iscove's modified Dulbecco's medium supplemented with 0.8% 50X MEM amino acids, 0.4% IOOX nonessential amino acids, I% IOOX vitamins, 1% glutamine, I% sodium pyruvate, penicillin and streptomycin (GIBCO BRL), 1 X mol/L hydrocortisone hemisuccinate (Sigma), 1 X mol/L 2-mercaptoethanol (Sigma), 12.5% horse serum (Hyclone), and 12.5% fetal bovine serum.42 After 7 days at 3 7 T , cultures were fed by replacement of half of the medium. Subsequently, cultures received complete media changes at weekly intervals. When cultures reached near confluence (3 to 4 weeks), they were subsequently maintained by trypsinization and subculturing at 2: 1 to 4: 1 ratios. Cells were analyzed between second and fourth passage. When maintained in this fashion, the stromal layers were fully capable of supporting committed progenitors and long-term culture-initiating cells.43
Retroviral Vector Amplifications
Purified pSFF or pSFF MGF plasmid DNA (10 pg) was transfected as a calcium phosphate precipitate, using protocol A as previously described, into culture dishes that contained a I : I mixture of $-2 and PA 12 cells."
RNA Isolation
Total RNA was prepared using the method of Cathala et al. 45 Cells were lysed in 5 mol/L guanidine isothiocyanate (GITC Fluka, Ronkonkoma, NY) and the RNA precipitated using 4 mol/L LiCI2. Following precipitation, the pellets were digested with 150 pg/mL proteinase K (Sigma). RNA was purified from the digested, solubilized pellets by repeated phenokch1oroform:isoamyl alcohol extractions, followed by two ethanol precipitation steps. Table 1 lists the nucleotide sequence and cDNA location of the PCR primers used in our studies.
R T-PCR
Southern Blot Analysis
PCR products were size-fractionated by gel electrophoresis through 1% to 1.5% agarose, and transferred to nitrocellulose (Schleicher and Schuell, Keene, NH). Nucleic acids were immobilized by UV irradiation (Stratalinker; Stratagene, L a Jolla, CA). Prehybridization was performed for 2 hours at 42°C in a solution containing 50% deionized formamide, 5X Denhardt's, 5X SSPE ( I X SSPE = 0.15 mol/L NaCI, 0.01 mol/L NaH,PO,, 0.001 mol/L EDTA), 100 pg/mL sheared salmon sperm DNA, and 0.5% sodium dodecyl sulfate (SDS). Hybridization was performed for 12 to 16 hours at 42°C in prehybridization solution containing 1 X IO6 cpm/ mL of "P-y-adenosine triphosphate (ATP) end-labeled oligonucleotide probe4* or random hexamer primed SF cDNA. The membranes were washed in 2X SSC ( I X SSC = 0. I5 mol/L NaCl + 0.01, mol/L sodium citrate)/O. 1 % SDS at room temperature for 30 minutes and then in 0.1 X SSC/O. 1% SDS at 50°C for 30 minutes.
Quantitative RT-PCR
Serial dilutions of gel-purified SF or E-selectin plasmid-derived cDNA, typically 1 pg to 10 ng, were amplified by PCR to generate a standard curve. PCR cycle number was optimized to maintain exponential conditions of amplification. Fifteen-microliter aliquots of the reaction were analyzed by Southern blot technique. Densitometry was performed using a Bio-Rad Model 620 one-dimensional (1-D) densitometer (Bio-Rad, Rockville Centre, NY).
Least-squares regression was used to fit the densitometry data to the equation: Optical density = slope X log,,(plasmid cDNA in picograms) + intercept. The regression equation was used to predict the relative amount of SF or E-selectin cDNA in simultaneously use only. R PA RPA were performed as described previously using a commercially available kit (RPA 11; Ambion, Austin. TX).49 In vitro antisense RNA transcripts were uniformly labeled with '2P-n-uridine triphosphate (UTP). T3 RNA polymerase was used to generated SF antisense RNA transcripts from Ncol-digested pHuMGF 2.4. T7 RNA polymerase was used to generate SF antisense RNA transcripts from EcoRldigested G E M -4 Z SF. T7 RNA polymerase was used to generate E-selectin antisense RNA transcripts from BamHI-digested pGEM-4Z E-selectin, and GAPDH antisense transcripts from Ncol-digested pSP72 GAPDH. For each experimental condition, 5 to 10 pg of RNA was hybridized with I X IO5 cpm of antisense probe for 16 hours at 45°C in the presence of 80% deionized formamide. 40 mmol/L PIPES (pH 6.4), 400 mmol/L sodium acetate (pH 6.4), and 1 mmol/L EDTA. Following hybridization. the samples were digested with RNase A and RNase TI for I hour at 37°C. The concentration of RNase was optimized for each antisense probe used. SF antisense transcript samples were digested with I .67 U/mL of RNase A and 333 U/mL of RNase TI:
Quantitative RT-PCR of EC RNA. (A) PCR standard curve. Serial dilutions of gel purified SF plasmid cDNA (isolated from BamHI/Hindlll-digested pGEM-42 SF) were amplified by PCR using primers S-3 and S-4 (Table 1) . Following Southern transfer, the membrane was probed with 32P-y-ATP end-labeled primer S-5 (Table 1) . 1 -D densitometric measurement of product amount was plotted versus input plasmid cDNA. Least-squares linear regression was used to determine the best fit for the data. (B) Representative RT-PCR amplification of EC SF mRNA. RNA was isolated from EC treated with IL-la for 0 , 3 , 6, or 2 4 hours. RT-PCR and Southern blotting was performed as in (A).
hours. RT-PCR reactions were performed using the following primer pairs (see Table 1 ): E-selectin (El , E-2). SF (S-3, S-4) . and GAPDH (G-l, G-2). Amplification products were visualized by ethidium bromide staining of a 0.9% agarose gel. Control RT-PCR reactions (H,O) were performed without added template. Haelll-digested 6x1 7 4 DNA fragments (GIBCO-BRL) were used as molecularweight size standards (STDS).
for experiments using an E-selectin or GAPDH antisense transcript, the samples were digested with 5 U/mL of RNase A and 1,000 U/mL of RNase TI. RNase digestion was terminated by inactivation of the enzymes with GlTC followed by ethanol precipitation. Digestion products were subjected to gel electrophoresis using a 7-mol/L urea, 5% polyacrylamide gel.
Norlhern Blot Analwis
RNA was size-fractionated on 1% agarose formaldehyde gels and transferred to nitrocellulose using IOX SSPE as a transfer buffer. Following transfer, the nucleic acids were immobilized by UV irradiation. Membranes were prehybridized, hybridized, and washed as described for Southern blots.24
Indirect Immunofluorescence
Before staining, adherent cell lines were released from culture flasks by incubation with trypsin-EDTA (GIBCO-BRL). Cells were washed in DMEM with 0.02% sodium azide. Harvested cells were incubated with MoAb, rabbit serum, or goat IgG and stained using an FITC-conjugated species-specific antiimmunoglobulin antibody. Surface-stained cells were fixed in 2% paraformaldehyde
SF PCR
Plasmid cDNA (pglreaction) 
RESULTS
EC Express SF mRNA
SF, GAPDH, and E-selectin mRNA from control and IL-I a-stimulated EC were analyzed by RT-PCR (Fig 1) . SF transcripts were detectable in equal amounts in both control and IL-la-stimulated EC. In contrast, there was at least %fold more E-selectin RT-PCR product obtained from IL-1-treated EC RNA than from control EC RNA. A similar pattern of induction was seen in RT-PCR reactions using granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-6 primers (data not shown). GAPDH transcript was present in equal amounts in control or IL-lastimulated EC. To confirm the notion that IL-1 did not induce accumulation of GAPDH or SF mRNA, experiments were performed with a lower number of amplification cycles. Reducing the number of amplification cycles from 35 to 20 resulted in a decreased amount of amplification product; however, the concentration of GAPDH or SF transcript did not change following exposure of EC to IL-1 LY, whereas the amount of E-selectin transcript increased dramatically after IL-la treatment (data not shown).
The SF RT-PCR product was transferred to nitrocellulose and hybridized with a random hexamer primer-labeled SF cDNA probe. Following autoradiography, a single band of the size predicted from ethidium bromide staining was seen (data not shown). To further confirm the existence of SF mRNA in EC, the SF RT-PCR product generated using primers S1 and S2 (Table 1) was cloned into a pGEM-4Z plasmid (pGEM-4Z SF) and sequenced using the dideoxynucleotide chain termination method." The RT-PCR product sequence was identical to that reported for human SF (data not shown)."
IL-la Does Not Induce SF Transcript in EC
The initial RT-PCR experiments suggested that IL-1 had no inductive effect on EC SF mRNA levels. To facilitate analysis of SF gene expression, a quantitative RT-PCR assay for SF mRNA was developed to measure SF transcript in control or IL-la-stimulated EC (Fig 2) . There was no significant change in the amount of SF transcript following treatment of EC with 2.5 ng/mL of IL-la for up to 24 hours (Table 2 and Fig 3) . (We have previously found this dose of , and that the concentration of these gene transcripts is maximal 2 to 6 hours after IL-la stimula-RPA analyses were also performed to confirm the RT-PCR assays; the results of these studies were completely congruent. Our quantitative estimates SF transcript were equivalent using solution hybridization and RT-PCR (Table 2) .
Regulation of E-selectin, a known IL-1 -inducible gene, was also analyzed using quantitative RT-PCR and RPA (Table 3). As previously described, E-selectin mRNA levels increased nearly 100-fold in EC stimulated with IL-l01.~~9*~ Solution hybridization and quantitative RT-PCR produced equivalent measurements of E-selectin transcript. The differential kinetics of SF and E-selectin transcript accumulation following IL-1 a stimulation are graphically depicted in Fig 3. These results confirm that IL-la has no impact on SF transcript levels in EC. Equal loading of RNA in the E-selectin and SF RPA studies was confirmed by performing additional RPA analyses using a GAPDH antisense probe (data not shown). To address the possibility that a longer period of IL-l a treatment might stimulate SF mRNA accumulation, we treated EC with IL-la for 0 to 72 hours and measured SF and GAPDH transcript concentrations by RPA or Northern blot analysis. In these extended treatment experiments, IL-1 a had no effect on SF transcript levels ( Table 4) .
Expression of SF by Fibroblasts and LTBMC Adherent Cells
We and others have previously noted similar patterns of expression of hematopoietic growth factors by EC, DF, and LTBMC.5"56 Therefore, RPA and RT-PCR analyses of RNA prepared from DF and LTBMC were performed to determine whether these cell types also expressed constitutive SF transcript. The concentration of SF transcript was similar in these three stromal cell types (Fig 4) . As was the case for EC, no significant effect of IL-101 on DF or LTBMC expression of SF transcript was found.
Alternatively Spliced SF mRNAs
Our previous RT-PCR studies of SF transcripts used an antisense primer (S-4; Table 1 ) complementary to exon 6, thereby amplifying only exon 6+ SF transcripts. To discriminate between exon 6+ and exon 6-transcripts, RT-PCR of stromal cell RNA was performed using a primer pair (S-6 and S-7; Table 1 ) whose amplification product spanned exons 4 through 8. Using this primer pair, exon 6+ transcripts were amplified to generate a 757-bp product, whereas exon 6-transcripts were amplified to yield a 673-bp fragment. These amplification products were resolved by 1.5% agarose gel electrophoresis, and the relative product amounts determined by Southern blot analysis. Both species of SF transcript were constitutively expressed in EC, DF, and LTBMC (Fig 5) . In all three stromal cell types studied, there was a predominance of exon 6+ transcripts, and no significant difference was found in the ratio of exon 6+ to exon 6-transcripts between the three types of stromal use only. cells analyzed (Table 5 ). Exposure of these cells to IL-1 a had no effect on the ratio of exon 6+ to exon 6-transcripts. Similar results were obtained by RPA using a probe that spanned exon 6 (data not shown).
Northern Blot Analysis of SF Transcripts
Northern blot analyses were performed to allow measurement of SF transcript size. At least two species of SF transcript were found expressed in EC (Fig 6A) . The most prevalent SF transcript had an estimated size of 5.6 kb. The smaller transcript, which accounts for only 15% of total SF mRNA detected, had an estimated size of approximately 3.6 kb. No effect of IL-1 a on SF transcript amount was seen by Northern blot analysis. In contrast, E-selectin mRNA accumulated substantially after IL-1 a stimulation (Fig 6B) . Both of these SF transcripts were also present in D F (Fig 7) . To confirm the specificity of our immunofluorescence assay for SF protein, we analyzed three lymphohematopoietic cell lines (Dami, JY, and HUT-78), which were found to lack detectable SF transcript in an RT-PCR assay. There was no difference in immunofluorescence of these cells when stained with either goat-or rabbit-produced anti-SF antibody or with control antibody (data not shown).
Constitutive Expre.ssion by Stromal Cells
of Membrane-Bound SF Protein EC, DF, and LTBMC were analyzed for the presence of membrane-bound SF using indirect immunofluorescence as described above. All three types of stromal cells express low but reproducibly detectable amounts of membranebound SF protein (Fig 8) . Higher levels of membranebound SF protein were found in NFF and other skin-derived fibroblasts than in lung-derived fibroblasts (DF), EC, or LTBMC (Fig 8, and data not shown) . Similar results were obtained using purified polyclonal goat anti-human SF IgG (data not shown). EC (0, 3, 6 , and 24 hours), DF (6 hours), or LTBMC (4 hours). RT-PCR was performed using primers S-6 and S-7 (Table 1) . Using this primer pair, exon 6+-containing transcripts were amplified to generate a 757-bp product, whereas exon 6-transcripts were amplified to yield a 673-bp fragment. Following Southem transfer, the membrane was probed with a random hexamer-primed BamHI/Hindlll SF cDNA fragment isolated from pHuMGF 2.4.
bp 673 bp
IL-la Does Not Alter SF Membrane-Bound Protein Expression bv Stromal Cells
To determine whether IL-I treatment would increase SF membrane-bound protein expression, we treated EC and NFF with IL-1 a for 0 to 48 hours. Levels of SF protein and the leukocyte adhesion molecules ICAM-1 and E-selectin were determined by immunofluorescence (Fig 9) . SF membrane-bound protein does not increase following treatment of EC with IL-I a. In contrast, E-selectin protein is undetectable in unstimulated EC, but treatment of EC with IL-la resulted in a marked increase in E-selectin protein at 4 hours, with a return to nearly undetectable levels at 24 and 48 hours (Fig 9, and data not shown) . ICAM-1 protein is present in low but detectable amounts in unstimulated EC, and treatment of EC with IL-I a resulted in an increase in ICAM-I protein after only 4 hours, with a greater induction seen at 24 and 48 hours. SF membrane-bound protein was not increased by treatment of NFF with IL-la. E-selectin protein is not expressed by fibroblasts?6 but the time course of IL-l induction of ICAM-I protein in NFF was the same as in EC. Similar results were obtained with lung-derived fibroblasts (data not shown). RT-PCR was performed with primers S-6 and S-7 (Table 1) Although there is little primary sequence amino acid homology between M-CSF and SF,13 the predicted protein tertiary structure and spatial arrangement of the functional domains of these molecules suggests a common structural framework that may account for the similarities in the biology of these growth factors. In both the M-CSF and the SF genes, exons 2 through 5 encode a cytokine domain helixloop framework, exon 6 encodes a prolinefserine-rich variable spacer chain that contains the preferred proteolytic cleavage site, and exon 7 encodes a tether chain that includes the transmembrane segment.74
Both M-CSF and SF nuclear RNAs are differentially spliced to give rise to different i~oforms.'~*''~~ The M-CSF exon 6 spacer chain sequence can be removed during splicing (M-CSFa transcript), or be spliced in and translated to yield a 298-or 1 16-amino acid spacer chain (M-CSFP and M-CSFy transcripts, respecti~ely).~~.'~ All three M-CSF transcripts are translated to yield different-sized membranebound M-CSF proteins, which may be proteolytically cleaved to produce biologically active soluble M-CSF.76.77 The protein translated from the 4-kb M-CSFP transcript undergoes rapid proteolytic cleavage and thus exists almost exclusively as a soluble protein. In contrast, the protein translated from M-CSFa mRNA is cleaved slowly and exists predominantly as a membrane-bound molecule.77 M-CSF, like SF, is biologically active as both a soluble and a membrane-bound p r~t e i n . '~* '~*~~ The proteolytic cleavage of M-CSF membrane-bound protein has been shown to be accelerated by treatment of M-CSF expressing cells with phorbo1 esters in a similar fashion as that of cells that express SF
As is the case with M-CSF, translation of alternatively spliced SF mRNA has been reported to produce either a predominately membrane-bound (from exon 6-transcripts) or predominately soluble (from exon 6+ transcripts) SF p r~t e i n . '~. '~, '~ Our experiments confirmed the constitutive expression of both species of SF transcript in EC, DF, and LTBMC. "Competitive" RT-PCR provides an accurate determination of the initial ratio of PCR target sequences when the predominant species is present in less than a IO-fold molar excess and when PCR conditions allow exponential amplific a t i~n .~~*~ Using primers S-6 and S-7 (Table I) , the ratio of exon 6+ and exon 6-SF transcripts was determined using 5600 bp - competitive RT-PCR. All three types of stromal cells contained both SF transcript species, and had similar exon 6' to exon 6-ratios of approximately 3:l. The ratios obtained from our RT-PCR and RPA studies are similar to those obtained using RPA to analyze SF splicing in various murine and human tissue^.'^.'^.^^ There are at least two species of SF transcripts detectable by Northern blot analysis of EC and DF RNA. The larger species has a size of approximately 5.6 kb, which is consistent with the estimates obtained from analysis of the human SF cDNA sequence and by previous Northern blot analyses." The alternative usage of exon 6 during SF splicing does not explain the presence of two SF transcripts detected by Northern blot studies, as exon 6 contains only 84 bp, and exclusion of only exon 6 during splicing would not produce a SF transcript almost 2 kb smaller than the predominant SF transcript. M-CSF transcripts that use different 3' noncoding sequence exons have been described.'' Although it is possible that the smaller 3.6-kb transcript seen on Northern blot may arise from alternative splicing of the SF 3' UTR, given the similarities in biology of SF and M-CSF, the nucleotide sequence and biologic significance of the 3.6 kb SF transcript species remains unknown.
Others have found constitutive expression of SF mRNA by human EC and bone marrow-derived reticulofibroblastoid cells. In these studies. an inductive effect of IL-18 on SF mRNA concentration was reported. However. quantitative analysis of SF mRNA concentration was not performed, nor was SF protein measured.86 Using RT-PCR and Northern blot and RPA analyses. we were unable to confirm any effect of IL-la on SF mRNA concentration in EC, DF, or LTBMC, nor could we measure any effect of IL-I a on the amount of membrane-bound SF protein expressed by EC, NFF, or DF. Because the sensitivity of our studies was such that less than a twofold change in SF mRNA concentration would have been detectable, and because the effect of IL-1 a on mRNA levels of E-selectin and protein levels ofcell-associated ICAM-1 and E-selectin were identical to previous report^,^^.^'*'^ we conclude that IL-la does not induce SF gene expression in the cells we tested. Nor is there evidence that IL-la and IL-18 are different in this regard. We have previously found identical effects of IL-1 a and IL-I8 on EC and DF gene expression of GM-CSF, G-CSF, IL-18, IL-6, and E-selectin. Additionally, in a limited series of experiments, treatment of EC with IL-18 had no effect on the concentration of SF mRNA (data not shown).
In summary, EC and DF that do not support hematopoi-I LTBMC-AC Fluorescence Intensity Fig 8 . Cytduorometric analysis of stromal cells. Cells were stained using polyclonal rabbit antihuman SF (-) and FITC-conjugated goat antirabbit antibody. Normal rabbit serum and FITCconjugated goat antirabbit antibody were used as a control (----) . hours. Membrane-bound SF li_ ,,,., ",'-was detected by indirect immunofluorescent staining using polyclonal rabbit anti-human SF (-) and FITC-conjugated *-__ goat antirabbit antibody. Normal rabbit serum and FITC-conjugated goat antirabbit antibody was used as a control , I
(----) for SF analysis. tected by indirect immunofluorescent staining using RR1/1 MoAb (-) and FITC-conjugated goat antimouse antibody. Membrane-bound E-selectin etic progenitor cell growth in long-term culture, as well as mixed stromal cells from LTBMC that do support progenitor growth, constitutively transcribe SF mRNA. IL-la does not induce the accumulation of SF mRNA in any of these cell types. In addition, the ratio of exon 6+ to exon 6-SF transcript is identical between these cell types and is not altered by exposure of stromal cells to IL-1 a. Integral membrane SF is constitutively expressed by stromal cells and is not regulated by IL-la. All three types of stromal cells studied expressed similar amounts of SF membrane-bound protein, although somewhat higher levels were found in skinderived fibroblasts. Therefore, while the production of SF by stromal cells in LTBMC clearly contributes to the ability of these cells to support hematopoiesis," the uniquely supportive function of LTBMC compared with EC or DF cannot be explained by differences in SF gene expression.
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